The detection of intracellular microbial DNA is critical to appropriate innate immune responses; however, knowledge of how such DNA is sensed is limited. Here we identify IFI16, a PYHIN protein, as an intracellular DNA sensor that mediates the induction of interferon- (IFN-). IFI16 directly associated with IFN--inducing viral DNA motifs. STING, a critical mediator of IFN- responses to DNA, was recruited to IFI16 after DNA stimulation. Lowering the expression of IFI16 or its mouse ortholog p204 by RNA-mediated interference inhibited gene induction and activation of the transcription factors IRF3 and NF-B induced by DNA and herpes simplex virus type 1 (HSV-1). IFI16 (p204) is the first PYHIN protein to our knowledge shown to be involved in IFN- induction. Thus, the PYHIN proteins IFI16 and AIM2 form a new family of innate DNA sensors we call 'AIM2-like receptors' (ALRs).
An effective immune response to viruses is dependent on the induction of host cytokines and type I interferons such as interferon-β (IFN-β (A001237)) 1 . This occurs mainly in response to signaling by intracellular pattern-recognition receptors that detect viral nucleic acids, such as viral RNA and DNA, viral replicative intermediates and viral transcription products 2 . The innate immune response to viral RNA has been well characterized in that the endosomal Toll-like receptors (TLRs) and cytoplasmic RNA helicase RIG-I-like receptors (RLRs) sense viral RNA, which leads to the induction of IFN-β through activation of downstream signaling pathways 2 . TLR3 senses double-stranded RNA (dsRNA), which leads to recruitment of the TLR adaptor protein TRIF (also known as TICAM-1); this then triggers activation of TBK1 (A001597) and IKKβ, kinases that phosphorylate and activate the transcription factors IRF3 and NF-κB respectively 3, 4 . Thereafter, IRF3 and NF-κB mediate an antiviral gene-induction program that includes the production of IFN-β. TLR7 and TLR8 both bind viral single-stranded RNA, which leads to recruitment of the adaptor MyD88, and like TLR3, they activate IKKβ and NF-κB, whereas in contrast to TLR3, they activate IKKα, which leads to IRF7 activation and induction of the type I interferon IFN-α 2 . Cytosolic RNA is detected by the RLRs RIG-I and Mda5, which via the adaptor protein IPS-1 (also known as MAVS, Cardif or VISA) turn on a signaling pathway similar to that of TLR3 in that IFN-β induction occurs via TBK1-mediated IRF3 activation 2 .
In contrast to the situation for viral RNA described above, knowledge of the intracellular DNA sensors that mediate the induction of IFN-α, IFN-β and cytokines in response to DNA viruses, such as herpes viruses and poxviruses, is much more limited. TLR9 can detect some viral DNAs in endosomes in plasmacytoid dendritic cells, which leads to IFN-α induction via MyD88 and IKKα 5 . However, it is known that exogenous dsDNA introduced into the cytoplasm, as would happen during infection by a DNA virus, leads to a potent innate immune response in many cell types, the hallmark of which is the induction of IFN-β 6 . An innate immune response has been observed in response to bacterial and viral DNA, self DNA from apoptotic cells, and synthetic oligonucleotides such as poly(dA:dT) and a double-stranded 45-residue oligonucleotide called interferon-stimulatory DNA (ISD). In all these cases, the induction of IFN-β relies on signaling though TBK1 and IRF3 (refs. 7,8) . In addition to TBK1 and IRF3, a further critical downstream component of the response to intracellular DNA has been identified as STING (also called MITA, ERIS or TMEM173) [9] [10] [11] . STING is required for IFN-β induction by poly(dA:dT), ISD and herpes simplex virus type 1 (HSV-1) in mouse embryonic fibroblasts (MEFs) and monocytes and for the immune response to HSV-1 in vivo 12 . STING acts proximally to TBK1, and in the presence of intracellular DNA, it relocalizes from the endoplasmic reticulum to cytoplasmic foci containing TBK1 (refs. 12,13) . Although cytoplasmic IFN-β responses to intracellular DNA involve STING, TBK1 and IRF3, the identity of the initiating upstream DNA sensors that engage the STING-TBK1-IRF3 pathway has remained elusive.
Two such intracellular DNA sensor candidates leading to IFN-β induction have been identified: DAI (DNA-dependent activator of IRFs; also called ZBP1) and RNA polymerase III. DAI was discovered on the basis of the ability of poly(dA:dT) to induce IFN-β when transfected into cells 14 . However, the role of DAI is very cell type specific, and DAI-deficient MEFs and monocytes responded A r t i c l e s normally to poly(dA:dT) 15, 16 . RNA polymerase III also responds to transfected poly(dA:dT), which it transcribes into an RNA ligand for RIG-I, leading to DNA-mediated IFN-β induction via the RIG-I pathway 17, 18 . However, the ability of many exogenous DNAs, especially non-AT-rich DNA, to induce IFN-β in many cell types is not accounted for by DAI and RNA polymerase III, and their relevance in pathogen detection is still unclear. Clearly, then, at least one further intracellular sensor for viral DNA leading to IFN-β induction remains to be identified 6 .
To search for additional cytoplasmic DNA sensors, we used an IFN-β-inducing vaccinia virus (VACV) DNA motif to affinity purify DNA-binding proteins from cytosolic extracts of human monocytes. When transfected into cells, this VACV motif induced IFN-β in a manner independent of TLRs, DAI and RNA polymerase III but dependent on STING, TBK1 and IRF3. Among the proteins identified that interacted with this DNA was IFI16, a member of the PYHIN protein family that contains a pyrin domain and two DNA-binding HIN domains. IFI16 directly bound to the IFN-β-stimulating viral DNA and recruited STING after stimulation of cells with transfected DNA. Small interfering RNA (siRNA) targeting IFI16 or its mouse ortholog p204 inhibited DNA-induced but not RNA-induced activation of IRF3 and NF-κB, as well as IFN-β induction. Notably, responses to a DNA virus, but not to an RNA virus, were also dependent on p204, in that transcription factor activation and gene induction stimulated by HSV-1, but not those stimulated by Sendai virus, were impaired by p204-specific siRNA. Notably, AIM2 (A004152), another PYHIN protein, is a sensor for cytosolic DNA for the signaling pathway that activates caspase-1, leading to the release of interleukin 1β [19] [20] [21] [22] . Thus, we propose that the PHYIN proteins represent a new family of innate DNA sensors we call 'AIM2-like receptors' (ALRs).
RESULTS

IFN- induction in monocytes by viral DNA sequences
To investigate the cellular response to exogenous DNA, we first compared the ability of various types of exogenous DNA to stimulate cytosolic DNA-sensing pathways in human cells. We transfected cells with poly(dA:dT), viral DNA from VACV, mammalian DNA or bacterial DNA and measured induction of the promoter of the gene encoding IFN-β (IFNB). In HEK293 human embryonic kidney cells, which have been shown to have a functional RNA polymerase III DNA-sensing pathway 17, 18 , only poly(dA:dT) stimulated the IFNB promoter (Fig. 1a) . In contrast, all dsDNAs tested induced IFN-β mRNA when transfected into human monocytic THP-1 cells (Fig. 1b) . This result suggested the existence of one or more DNA-sensing pathways for non-AT-rich dsDNA in THP-1 cells that were not present in HEK293 cells. To select a defined IFN-β-inducing viral dsDNA to screen for host DNA sensors in THP-1 cells, we noted a sequence 70 base pairs in length that was conserved in various poxviral genomes such as VACV (VACV 70mer); it was located in the inverted terminal repeat region and was often repeated multiple times 23 (Supplementary Fig. 1 ). When transfected into cells, this dsDNA 70-base pair motif (dsVACV 70mer) induced IFN-β in THP-1 cells ( Fig. 1c and Supplementary Fig. 2a ) and in MEFs (Fig. 1d) , but it was stimulatory only as duplex DNA and not in the single-stranded form (ssVACV 70mer; Fig. 1c,d) . Furthermore, dsVACV 70mer also induced IFN-β in human peripheral blood mononuclear cells, immortalized mouse bone marrow-derived macrophages (BMDMs) and mouse bone marrow-derived dendritic cells ( Supplementary  Fig. 2 ), but not in HEK293 cells (Fig. 1e) .
We next assessed whether the sequence of dsVACV 70mer and/ or its length were critical to the IFN-β response. The response to dsVACV 70mer was independent of AT content but was dependent A r t i c l e s on length, as in either human or mouse monocytic cells, changing the AT content from 67% to 10% did not affect the response, whereas a decrease of even 10 base pairs in length impaired IFN-β induction (Fig. 1f,g ). Consistent with the finding that the cytosolic IFN-β response was length dependent but sequence independent, the previously described 45-base pair ISD 7 gave a similar IFN-β response to a 50-base pair oligonucleotide derived from dsVACV 70mer (Fig. 1f,g ). Furthermore, an unrelated 60-base pair dsDNA oligonucleotide derived from the HSV-1 genome (HSV 60mer) also induced IFN-β (Supplementary Fig. 3a) . We screened many different oligonucleotides derived from the HSV-1 genome for IFN-β-inducing capacity and selected HSV 60mer as having the greatest capacity (data not shown).
IFN- induction via a previously unknown intracellular DNA sensor
We next investigated the role of known DNA sensors in the IFN-β response to dsVACV 70mer and HSV 60mer (Fig. 2) . The response to dsVACV 70mer in BMDMs lacking the TLR signaling adaptors MyD88 or TRIF (TICAM-1) was not lower than that in wild-type control cells (Fig. 2a,c) , whereas TLR-induced IFN-β expression was inhibited in the mutant cells (Fig. 2b,d) . Analogously, the response to HSV 60mer was unimpaired in macrophages lacking both MyD88 and TRIF (Supplementary Fig. 3a ). BMDMs lacking DAI (ZBP1) also responded normally to dsVACV 70mer ( Fig. 2e ) and to poly(dA: dT) (Fig. 2f) . The IFN-β response to poly(dA:dT) is known to involve transcription of the DNA into RNA RIG-I ligands 17, 18 . Consistent with that, when we extracted RNA from poly(dA:dT)-treated mouse macrophages, MEFs or human THP-1 cells and transfected it into HEK293 cells, we found that this RNA induced expression of the IFNB promoter ( Fig. 2g and Supplementary Fig. 4a,b) . In contrast, IFNB was not expressed in HEK293 cells transfected with RNA extracted from cells stimulated with dsVACV 70mer ( Fig. 2g and Supplementary  Fig. 4a ,b), which indicated that unlike poly(dA:dT), dsVACV 70mer was not transcribed into immune-stimulatory RNA. HSV 60mer also induced IFN-β independently of RNA polymerase III, as IFN-β induction was not prevented by the RNA polymerase III inhibitor ML60812 ( Supplementary Fig. 3b ). Consistent with that result, there was no response to HSV 60mer in HEK293 cells in which the RNA polymerase III pathway was operational ( Supplementary Fig. 3c ).
All cytosolic DNA-sensing pathways that induce IFN-β described thus far, including those for which no receptor has been identified, such as for the ISD, are known to do so via activation of the transcription factor IRF3 by a complex containing TBK1 (ref. 6) . Consistent with such a requirement, the response to dsVACV 70mer in MEFs was abolished in the absence of IRF3 (Fig. 2h) , whereas in either MEFs or BMDMs lacking TBK1, the response to VACV 70mer was strongly impaired (Fig. 2i,j) . Hence, IFN-β induction by dsVACV 70mer was independent of TLRs, DAI and RNA polymerase III but was dependent on TBK1 and IRF3.
IFI16 is a candidate DNA sensor for viral DNA As the IFN-β response to dsVACV 70mer was not mediated by any of the known DNA-sensing pathways, we designed a screen to isolate previously unknown cytoplasmic DNA sensors. We coupled biotinylated ssVACV 70mer or dsVACV 70mer to streptavidin beads to affinity-purify DNA-binding proteins from cytosolic extracts of THP-1 cells. We used mass spectrometry to identify proteins that interacted with ssVACV 70mer or dsVACV 70mer. Among the proteins identified was IFI16, a member of the PYHIN protein family that contains a pyrin domain and two DNA-binding HIN domains, called 'HINa' and 'HINb' here ( Fig. 3a) . Notably, AIM2, another PYHIN protein, has been shown to be a receptor for cytosolic DNA that regulates activation of caspase-1, which leads to the release of interleukin 1β [19] [20] [21] [22] . However, no PYHIN protein has yet been linked to the mediation of an IFN-β response to DNA.
In THP-1 cells, cytosolic IFI16 was detectable by immunoblot analysis in a complex with immobilized ssVACV 70mer or dsVACV 70mer (Fig. 3b) , consistent with the published finding that its HINa domain binds both ssDNA and dsDNA 24 . Given that ssVACV 70mer was unable to induce IFN-β (Fig. 1c) , we reasoned that it might bind IFI16 but fail to induce signaling to IFN-β. Consistent with our hypothesis, ssVACV 70mer acted as an antagonist of dsVACV 70mer-induced IFN-β expression when transfected together with dsVACV 70mer into THP-1 cells, while not affecting the response to poly(I:C) (Fig. 3c) . Furthermore, induction of the IFNB promoter by poly(dA:dT) in HEK293 cells was also unaffected by the transfection of ssVACV 70mer (Fig. 3c) . IFI16 has been shown to be localized mainly to the nucleus when overexpressed in HEK293 cells 19 , a result we confirmed (data not shown). However in THP-1 cells, endogenous IFI16 was isolated from the cytoplasm in association with ssVACV 70mer or dsVACV 70mer (Fig. 3b) , and although it was predominantly nuclear, it was distinctly visible in the cytoplasm A r t i c l e s by immunofluorescence (Fig. 3d) . Further, MitoTracker costaining indicated that IFI16 might partially localize to mitochondria (Supplementary Fig. 5a ). Notably, in cells stained with the DNAintercalating dye DAPI for the detection of nucleic acid, dsVACV 70mer localized together with endogenous IFI16 in the cytoplasm, but poly(I:C) did not (Fig. 3d) . Furthermore, fluorescein isothiocyanatelabeled HSV 60mer also localized together with endogenous cytoplasmic IFI16 (Fig. 3e) . To determine whether IFI16 was able to directly bind the viral DNAs in vitro, we expressed the HIN domains of IFI16 in Escherichia coli and purified them (Supplementary Methods and Supplementary Fig. 6 ). We then used an AlphaScreen to assess in vitro binding between viral DNA and purified IFI16 HIN domains. Biotinylated dsVACV 70mer bound cooperatively to HINb or to the region of IFI16 containing both HINa and HINb (HINab), as indicated by the sigmoidal binding curve for both (Fig. 3f) . The affinity of dsVACV 70mer was higher for HINab than for HINb alone, whereas dsVACV 70mer did not bind HINa alone (Fig. 3f) . We obtained similar results for HSV 60mer (Supplementary Fig. 3d ). The colocalization of endogenous cytoplasmic IFI16 with IFN-β inducing viral DNA and its direct and cooperative binding to this DNA in vitro suggested that IFI16 might be a DNA sensor that mediates IFN-β induction.
STING interacts with IFI16
We next assessed whether IFI16 interacted with any of the downstream signaling components known to be involved in IFN-β induction. As with IFI16, immobilized dsVACV 70mer complexes were enriched for both cytosolic TBK1 and DDX3 (which has a role in the activation of IRF3 by TBK1; ref. 25 ) compared with their presence in ssVACV 70mer complexes (Fig. 4a) . STING (TMEM173) is a signaling protein A r t i c l e s known to be required for TBK1-dependent IFN-β responses to viruses and DNA 12, 13 . Transfection of dsVACV 70mer into cells caused a DNA-dependent association between endogenous STING and IFI16 in THP-1 cells (Fig. 4b) . IFI16 from DNA-stimulated THP-1 cells associated with immobilized Myc-tagged human STING and, to a lesser extent, mouse STING (Fig. 4c) . STING not only was recruited to IFI16 after viral DNA stimulation but was also required for IFN-β induction by dsVACV 70mer or HSV 60mer, as in BMDMs lacking STING, IFN-β secretion from cells transfected with the viral DNAs was completely inhibited (Fig. 4d,e) . ASC is an adaptor recruited to AIM2 that mediates caspase-1 activation by viruses and poly(dA:dT) 19 . However, ASC had no role in the IFN-β response mediated by exogenous DNA, as in BMDMs lacking ASC, IFN-β expression induced by either dsVACV 70mer or HSV 60mer was unimpaired, as was the poly(dA:dT) response (Fig. 4f) . Thus, STING and ASC probably have distinct roles in regulating PYHIN-mediated induction of IFN-β and activation of caspase-1, respectively.
Gene induction and signaling by viral DNA requires IFI16
Further evidence for a role for IFI16 in mediating an IFN-β response to DNA stemmed from the correlation between expression of IFI16 and responsiveness of cells to VACV 70mer. Thus, THP-1 cells treated with the phorbol ester PMA had higher expression of IFI16 and dsVACV 70mer-induced IFN-β than did untreated cells (Fig. 5a) , whereas in HEK293 cells that failed to respond to dsVACV 70mer (Fig. 1e) , IFI16 expression was undetectable ( Fig. 5a and Supplementary Fig. 5b ). In THP-1 cells, IFI16 expression was inducible by both IFN-α and dsVACV 70mer (Supplementary Fig. 5b,c) , consistent with an antiviral role for IFI16. To clarify the role of IFI16 in mediating IFN-β induction by dsVACV 70mer, we used transient transfection of small interfering RNA (siRNA) to knock down IFI16 in THP-1 cells, which led to lower expression of IFI16 protein than that in cells treated with control siRNA (Fig. 5b) . Notably, this treatment with siRNA targeting IFI16 led to inhibition of IFN-β induction in response to dsVACV 70mer (Fig. 5c) . The IFN-β response to HSV 60mer was also inhibited in human cells by siRNA targeting IFI16 (Supplementary Fig. 7a ).
We next considered whether IFI16 also has a role in DNA sensing in mouse cells. After examining the mouse PYHIN family, we found that only one member, p204, had the same domain structure as IFI16 in that p204 also contained one pyrin domain and two HIN domains (Fig. 5d) . Also, a BLAST search showed that p204 was the mouse PYHIN protein most similar to human IFI16 (37% amino acid identity). We detected expression of p204 in RAW264.7 mouse macrophages by immunoblot analysis, and this protein increased after transfection with dsVACV 70mer (Fig. 5e) . Treatment of these cells with siRNA targeting p204 led to lower abundance of p204 protein (Fig. 5e ) and p204 mRNA (Fig. 5f) . Targeted knockdown of p204 led to impaired dsVACV 70mer-mediated induction of mRNA for IFN-β, the chemokine CCL5 and tumor necrosis factor (TNF; Fig. 5f ). The requirement for p204 in transfected DNA-mediated gene induction was not restricted to RAW264.7 cells, as in MEFs, p204-specific siRNA resulted in much less p204 (Fig. 5g) and led to potent inhibition of dsVACV 70mer-mediated expression of IFN-β, CCL5 and TNF (Fig. 5g) . Suppression of p204 expression by siRNA in RAW264.7 cells also inhibited the IFN-β response to HSV 60mer (Fig. 5h) . Furthermore, in BMDMs, p204-specific siRNA inhibited the secretion of IFN-β protein from cells stimulated by either dsVACV 70mer or HSV 60mer (Fig. 5i) . Hence the IFI16 (p204) DNA-sensing pathway is not restricted to one DNA sequence or to one cell type and is operational both in human and mouse cells. A role for p204 as a sensor for DNA indicated that inhibition of p204 expression should affect DNA-mediated gene induction because of an effect upstream of transcription factor activation. Thus, we examined the effect of p204-specific siRNA on the activation of NF-κB and IRF3 induced by dsVACV 70mer. To measure transcription factor activation, we monitored the translocation of endogenous p65 (an NF-κB subunit) and IRF3 from the cytosol to the nucleus by confocal microscopy after transfecting DNA or RNA into RAW264.7 cells in the presence of either control or p204-targeting siRNA. Transfection of cells with dsVACV 70mer or poly(I:C) for 6 h led to accumulation of both p65 and IRF3 in the nucleus in the presence of the control siRNA (Fig. 6) . Notably, translocation of both p65 and IRF3 was prevented in the presence of p204-specific siRNA in cells transfected with DNA but not in those transfected with RNA (Fig. 6) . This result confirmed that p204 has a role in gene induction upstream of transcription factor activation. Furthermore, it demonstrated a role for p204 upstream of both the NF-κB pathway and the IRF3 pathway for DNA but not RNA, consistent with a role in direct DNA sensing.
IFI16 is required for HSV-1-induced gene expression
To extend the findings reported above to a relevant DNA virus, we examined the role of various DNA-sensing pathways in mediating gene-induction and signaling responses to HSV-1 in monocytes 26 . The IFN-β response to live HSV-1 in BMDMs was largely TLR independent, as we observed only marginal inhibition of IFN-β mRNA induction in cells lacking both MyD88 and TRIF (Fig. 7a) . The IFN-β response to HSV-1 in monocytes was also independent of RNA polymerase III, in contrast to a published study 17 , as we found no impairment in IFN-β induction by HSV-1 in the presence of RNA polymerase III inhibitor, although the response to poly(dA:dT) was inhibited (Fig. 7b) . Furthermore, consistent with a lack of a role for RNA polymerase III in sensing HSV-1, no IFN-β induction was detectable in HSV-1-infected HEK293 cells, which are cells in which the RNA polymerase III DNA-sensing pathway is operational (Supplementary Fig. 3c) . IFN-β expression in response to HSV-1 was STING dependent (Fig. 4e) , as shown before 12 .
To examine the role of p204 in detecting HSV-1, we treated cells with p204-specific siRNA before infecting them with HSV-1. This led to a considerable inhibition of HSV-1-induced IFN-β mRNA (Fig. 7c) , in contrast to the minor role for TLR detection of HSV-1 and the absence of a role for RNA polymerase III in IFN-β induction by HSV-1. Furthermore, induction of the IRF3-dependent gene Cxcl10 (encoding the chemokine CXCL10) and the NF-κB-dependent genes Il6 (encoding interleukin 6) and Tnf by HSV-1 infection of RAW264.7 cells was also impaired by p204-specific siRNA (Fig. 7c) . In contrast, treatment of cells with p204-specific siRNA had no effect on the induction of IFN-β mRNA in response to an RNA virus (Sendai virus; Fig. 7d ). Treatment with p204-specific siRNA also resulted in less secretion of IFN-β protein in response to HSV-1 but not in response to Sendai virus (Fig. 7e) . This result confirmed that knockdown of p204 expression did not lead to a global decrease in gene induction in response to viral infection. The IFN-β response to HSV-1 was also inhibited in human cells by siRNA targeting IFI16 ( Supplementary  Fig. 7a) . Consistent with the effect of p204-specific siRNA on HSV-1-induced IRF3-and NF-κB-dependent genes (Fig. 7c) , and similar to the results obtained with viral DNA oligonucleotides (Fig. 6a) , p204 was required for HSV-1-induced translocation of NF-κB (p65) and IRF3 from the cytosol to the nucleus (Fig. 7f,g ). In contrast, Sendai virus-stimulated translocation of transcription factors was unaffected by p204-specific siRNA (Fig. 7f,g ). Furthermore, triggering the p204 pathway induced anti-HSV-1 activity in cells, as pretreatment of cells with HSV 60mer potently suppressed HSV-1 replication (Fig. 7h) .
HSV-1 replicates in the nucleus. Therefore, IFI16 and p204 could in principle detect HSV-1 DNA in that compartment, and certainly the nucleus contains large amounts of IFI16 (Fig. 3d) . Using a specific labeled oligonucleotide complementary to HSV-1 DNA, we detected viral DNA in the cytoplasm mislocated from the viral capsid (as stained by an antibody to the viral protein VP5) in RAW264.7 macrophages (Supplementary Fig. 8 ), BMDMs and THP-1 cells (data not shown). Thus, IFI16 and p204 might detect the HSV-1 DNA either in the cytoplasm and/or the nucleus. Together these results demonstrate that human IFI16 and mouse p204 are PYHIN proteins that act as sensors for exogenous DNA, but not RNA, which directly detect the presence of viral DNA, leading to the activation of transcription factors and gene induction via a STING-dependent pathway. A r t i c l e s DISCUSSION At present there is much interest in defining the mechanisms whereby the innate immune response detects exogenous DNA, as this detection process is critical to understanding how cells respond to DNA viruses and to immune-stimulatory bacterial and self DNA 6 . Although IFI16 has a role in regulating cell proliferation and differentiation 27 , our data here have identified human IFI16 and its mouse ortholog p204 as critical sensors for exogenous dsDNA, especially for IRF3-and NF-κB-dependent gene induction, and as being essential for the IFN-β response to live HSV-1. Until now, the sensor for intracellular non-AT-rich dsDNA in MEFs and some monocyte-derived cells was undefined 6 , although IRF3, TBK-1 and STING were known to be required 7, 8, 12 . As the IFI16 (p204) pathway to IFN-β induction via STING, TBK-1 and IRF3 identified here operates in both MEFs and macrophages, it may account for these responses. IFI16 is the first example to our knowledge of a pyrin domaincontaining protein sensing DNA to mediate IFN-β induction. We showed that the HIN domains of IFI16 bound dsVACV 70mer and HSV 60mer, but it remains to be determined which features of the dsDNA are critical for this interaction and how dsDNA stimulates IFI16 to recruit STING. It is possible that DNA of a certain length in the cytosol causes oligomerization of IFI16 leading to signaling, consistent with the observation that the IFN-β response was strongly length dependent.
Pyrin domains have been shown before to mediate inflammasome activation. For example, AIM2 is another PYHIN family member that does sense DNA and poxviruses, but this interaction leads to activation of caspase-1, via the adaptor ASC, and not IFN-β induction 19 . In contrast, here IFI16 recruited STING and required STING but not ASC for DNA-mediated IFN-β induction. Furthermore, IFI16 and ASC do not interact 19 . Notably, in the PYHIN family, the pyrin domain of AIM2 is most like inflammasome-related pyrin domains, whereas the pyrin domains of the rest of the family are distinct from that of AIM2 and more like that of IFI16 (ref. 28) . It remains to be determined whether other PYHIN family members are also able to regulate STING-dependent pathways that may be independent of ASC.
Given that IFI16 senses DNA to induce IFN-β, and AIM2 senses DNA to activate caspase-1, we propose that the PYHIN proteins represent a new family of innate DNA sensors we call ' AIM2-like receptors' (ALRs). Thus, whereas exogenous RNA is sensed by both endosomal TLRs (TLR3, TLR7 and TLR9) and intracellular RLRs 2 , so exogenous DNA is sensed by both endosomal TLR9 and intracellular ALRs. Similar to the RLR family, the ALR family contains sensors for IFN-β induction (IFI16; analogous to RIG-I and Mda5), inflammasome activators (AIM2; analogous to RIG-I (ref. to viral targeting: the poxvirus protein M013 contains a pyrin domain and binds to ASC 31 , which would inhibit the AIM2 response, although it has also been shown to inhibit poxvirus-stimulated induction of NF-κB-dependent genes 32 . Also, the human cytomegalovirus protein pUL83, a known antagonist of interferon-inducible genes, can interact with IFI16 (ref. 33) . If IFI16 also has a role in sensing that DNA virus, that could explain the ability of pUL83 to potently inhibit the interferon response. It is possible that IFI16 also has a role in sensing bacterial DNA during infection with intracellular bacteria. The induction of type I interferon in response to Listeria is independent of TLRs and RNA sensing and requires IRF3 (ref. 34 ) and STING 12 , whereas IFN-β induction in response to Chlamydia infection also involves a TLR-and RLR-independent but STING-dependent pathway 35 . Finally, DNA detection in the cytoplasm leading to IFN-β induction is thought to be one trigger for autoimmune conditions such as systemic lupus erythematosus, and IFI16-specific antibodies are present and IFI16 expression is higher in patients with systemic lupus erythematosus [36] [37] [38] . Thus detection of DNA by IFI16 or p204 may have a role not only in antiviral innate immune responses but also in responses to bacterial pathogens and in autoimmunity.
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